Cortical auditory evoked potentials (CAEPs) are influenced by the characteristics of the stimulus, including level and hearing aid gain. Previous studies have measured CAEPs aided and unaided in individuals with normal hearing. There is a significant difference between providing amplification to a person with normal hearing and a person with hearing loss. This study investigated this difference and the effects of stimulus signal-to-noise ratio (SNR) and audibility on the CAEP amplitude in a population with hearing loss. Twelve normal-hearing participants and 12 participants with a hearing loss participated in this study. Three speech sounds-/m/, /g/, and /t/-were presented in the free field. Unaided stimuli were presented at 55, 65, and 75 dB sound pressure level (SPL) and aided stimuli at 55 dB SPL with three different gains in steps of 10 dB. CAEPs were recorded and their amplitudes analyzed. Stimulus SNRs and audibility were determined. No significant effect of stimulus level or hearing aid gain was found in normal hearers. Conversely, a significant effect was found in hearing-impaired individuals. Audibility of the signal, which in some cases is determined by the signal level relative to threshold and in other cases by the SNR, is the dominant factor explaining changes in CAEP amplitude. CAEPs can potentially be used to assess the effects of hearing aid gain in hearing-impaired users.
Learning Outcomes: As a result of this activity, the participant will be able to identify the effects of hearing aid gain on the amplitude of cortical auditory evoked potentials in normal-hearing and hearing-impaired participants.
Cortical auditory evoked potentials (CAEPs) originate from the auditory cortex in response to the onset, change, or the offset of a sound. In most common recording paradigms, isolated acoustic stimuli are presented not faster than twice a second to an awake subject and with recording electrodes spanning the temporal regions of the scalp. In these conditions, the CAEP in adults consists of a positive deflection (P1) occurring around 50 milliseconds after stimulation followed by a negative peak (N1) around 100 milliseconds and another positive wave (P2) around 180 milliseconds. 1 In infants and children up to the age of 12, most studies indicate that the negative N1 has not developed yet due to maturation. 2 Only a positive P1 wave is visible, starting with a latency of up to 300 milliseconds at birth and decreasing down to adult latencies in adulthood, provided the individual has had proper access to sound. 3 The presence of the cortical complex indicates that the stimulus has been detected at the level of the auditory cortex. 4 CAEPs have several applications. 4 They can be used for hearing threshold estimation, with the most established studies summarized by Lightfoot. 5 Cortical responses have been applied clinically for the evaluation of hearing aid and cochlear implant fittings, [6] [7] [8] where the issue of undesirable cochlear implant artifacts is still very relevant. [9] [10] [11] CAEPs can be used for the tracking of maturation of the auditory system and the effects of plasticity. [12] [13] [14] [15] Cortical waveforms in response to changes in stimulus intensity, frequency, or phase are called acoustic change complexes (ACCs) and can potentially be utilized to investigate discrimination between different speech sounds and localization ability. [16] [17] [18] [19] In addition, CAEPs are useful in the investigation of auditory or temporal processing, 20, 21 auditory training, 22, 23 loudness growth and comfortable levels, 24 and the effect of aging. [25] [26] [27] Concerning the effect of hearing aid processing on CAEPs, the main feature investigated so far is hearing aid gain. Earlier publications described case studies that showed an increase of CAEP amplitudes when a child with a hearing loss was aided. 28, 29 Recent studies systematically investigated the effect of increasing hearing aid gain on CAEP amplitudes and latencies on larger populations. Billings et al presented a 1-kHz tone to 13 normal-hearing young adults at seven different stimulus levels, both aided (20 dB amplification) and unaided. 30 No significant effect of amplification on CAEP amplitudes was found. Conversely, there was a significant latency delay when aiding. The results were assumed not to be attributed to audibility alone, but several other possible explanations were listed like compression characteristics of the hearing aid, saturation of the neural response, stimulus rise time, signal-to-noise ratio (SNR) alteration, and the introduction of amplitude overshoot caused by activation of compression circuitry. A warning was put forward that the interaction between hearing aid processing and the central auditory system needed to be investigated further prior to interpretation of any results. Investigations were continued by the same first author with a similar experimental protocol but with the focus on the effects of SNR on the CAEP. 31 They discovered a clear effect of SNR on CAEP amplitudes, but when signal levels were defined in terms of output level, aided CAEPs were surprisingly smaller and delayed relative to unaided CAEPs. This was attributed to increasing noise levels caused by the hearing aid. It was critically questioned whether it would be actually possible to control all the potential hearing aid variables in a clinical setting while aiding. Marynewich et al and Jenstad et al confirmed that aiding normally hearing individuals does not increase CAEP amplitudes significantly and that differences exist between hearing aids. 32, 33 Because onset CAEPs are predominantly sensitive to the rise time, presentation level, and frequency of the first 30 milliseconds of the stimulus, 34 acoustic recordings were made at 30 milliseconds after stimulus onset. For both short (60 milliseconds) and long (757 milliseconds) stimuli, a reduced hearing aid gain was found at 30 milliseconds after onset, when compared with the real-ear insertion gain measured with standard hearing aid test signals. In addition, the digital hearing aids altered the rise time of the stimuli such that maximum gain was reached well past 30 milliseconds after stimulus onset, with different rise times across these hearing aids. 33 They concluded that aided cortical results must be cautiously interpreted and that further research is required for clinical application.
In contrast with the previous studies that used normal-hearing participants, Korczak et al tested 14 participants with a hearing loss. 35 They assessed the detectability of CAEPs using /ba/ and /da/ speech sounds at two different stimulus levels (a "low" 65 dB and a "high" 80 dB sound pressure level [SPL]). They noted that the use of hearing aids substantially improved CAEP morphology (i.e., increased CAEP amplitudes and decreased CAEP latencies). There was a difference between the types of hearing loss. For moderately to severely hearing-impaired groups, aiding had an impact on response presence at the lower stimulus intensity. Conversely, this was only true for higher stimulus intensities in the severeprofound hearing loss group. Hence, amplification effects (i.e., differences between unaided and aided conditions) were more likely to occur near threshold than at suprathreshold levels. Some reservations about this study were identified however by Souza and Tremblay, 36 who indicated that the hearing aid gains were significantly off target.
The study reported in this article was initiated by our deep reservations about the use of normal hearers instead of hearing-impaired users in all the studies that found that amplification did not increase the amplitude or decrease the latency of cortical responses and hence concluded that cortical responses may not be appropriate for assessing the effects of amplification. The investigation examines whether signal level, hearing aid gain, SNR, or audibility are responsible for the observations seen in other publications. It was opted to refer to audibility throughout the article instead of sensation level, which is commonly perceived as the difference between signal level and a person's hearing threshold. Audibility is defined here as the difference between signal level and the greater of either hearing threshold or acoustic background/microphone noise, an important factor in this study.
The study's hypotheses are:
Amplification does not increase CAEP amplitudes in normal hearers, and the observations in this study hence will agree with earlier published work.
Amplification does increase CAEP amplitudes in hearing-impaired users, at least when the unaided stimuli are not audible or barely audible.
CAEP amplitude is inherently related to stimulus audibility, not just stimulus SNR or stimulus absolute level.
METHODS
This study was conducted with the approval of the Australian Hearing Human Research Ethics Committee and conformed to National Health & Medical Research Committee guidelines.
Participants
Twelve normal-hearing participants (9 women) and 12 participants with a hearing loss (6 men) participated in this study. For the normal hearers, mean age was 32 years (range 23 to 48), with a 4 frequency average hearing loss (4FAHL) (0.5, 1, 2, 4 kHz) of 6 dB hearing level (HL) for the tested ear (all tested frequencies 15-dB HL). For the hearing-impaired participants, mean age was 74 years (range 47 to 83), with a 4FAHL of 56 dB HL for the tested ear. Details about their audiometric profiles can be found in Table 1 . The difference in population age is a possible confounding factor in this study. There is no published evidence available that suggests age has a significant effect on the relationship between cortical amplitude and audibility, the two main factors investigated in this study.
Stimuli
Three types of speech stimuli were used (/m/, /g/, and /t/) with durations of 30, 21, and 30 milliseconds, respectively. These stimuli have been applied in other studies from the authors' research group. [37] [38] [39] [40] [41] The stimuli were extracted from a recording of uninterrupted dialogue spoken by a female with an average Australian accent, with a sampling rate of 44.1 kHz. The speech sounds /m/, /g/, and /t/ have a spectral emphasis in the low-, mid-, and high-frequency regions (250, 1,250, and 3,250 Hz, respectively), as shown in Fig. 1 . Stimulus lengths were sufficiently short to avoid inclusion of vowel transition. They were deemed sufficiently long to be processed by a hearing aid, as their duration was considerably longer than the attack time of the hearing aids used, and so will provide the prescribed gain during the majority of stimulus presentation. In the unlikely event this assump-tion is incorrect, its effect will be limited as all gain conditions will be affected by this limitation. Stimuli were presented in the free field, from a B&W (Bowers and Wilkins, Worthing, United Kingdom) loudspeaker, at 0 degrees azimuth and 1.8 m distance. The room and speaker response combination were spectrally equalized. Stimulus levels were 55, 65, and 75 dB SPL (maximum root mean square level measured with an 35millisecond impulse time constant) for the unaided condition, and 55 dB SPL for the aided condition. Hence, for unaided conditions, low, medium, and high output levels equaled 55, 65, and 75 dB SPL. For aided conditions, output levels were those determined by applying the low, medium, and high gains, respectively, to a signal at 55 dB SPL input level. Stimuli were presented in alternating ears for successive normal hearers and to the ear closest to the center of the target audiogram range in hearing-impaired participants: thresholds of 30 to 65 dB HL between 250 and 1,000 Hz and of 50 to 80 dB HL between 2,000 and 4,000 Hz. Individuals with air conduction threshold asymmetries or airbone gaps greater than 20 dB at two or more frequencies between 250 to 4,000 Hz were excluded from the study.
Hearing Aid Parameters
The same Siemens Motion (Erlangen, Germany) 101S behind-the-ear (BTE) hearing aid was used for all measurements to control for potentially subtle differences in hearing aid circuitry and output. Table 2 shows an overview of the relevant hearing aid parameters for both normal-hearing participants and those with a hearing loss. Hearing aid settings were identical for all normal hearers (Table 3 ). For hearingimpaired participants, hearing aids were fitted based on their hearing loss, as depicted in Table 1 . The variations in measured attack and release times evident in Table 3 probably reflect random measurement error as these parameters were not programmed differently for different participants. Possibly, however, changes in gain may have interacted with the standard variations in input level that test boxes use to measure attack and release times and so produced an apparent variation in the estimates of these parameters. Three different gains were used in the aided condition. As feedback reduction was disengaged throughout the experiment, a gain setting that caused feedback was not used for testing. Replaceable foam molds, without a vent, were connected to the hearing aid via a tube.
Acoustic Recordings

BACKGROUND NOISE RECORDINGS
For background noise recordings, the foam mold of the hearing aid was plugged into the Figure 1 The one-third-octave power spectra for speech sounds /m/, /g/, and /t/ with overall levels normalized to 65-dB sound pressure level (SPL). 
CALCULATION OF SNR AND AUDIBILITY
For all subjects, stimulus, and gain conditions, both SNR and audibility were derived from the acoustic recordings. The SNR was defined as described previously. Audibility constituted the difference between signal level and the maximum of hearing threshold and noise level. The SNR and audibility were estimated as the maximum value across different bands of the one-third octave spectrum on the basis that audibility will most strongly be determined by the frequency region in which it is greatest. Fig. 2 illustrates how SNR and audibility were defined for three different gains in a subject with a hearing loss. In this particular example, it can be observed that audibility increases considerably while SNR does not change with increasing hearing aid gain. In this case, audibility as a function of frequency is almost identical to sensation level, except for the lowest frequencies at the highest gain setting (right pane) where hearing aid noise becomes audible to the user with a hearing loss. 
HEARING AID FITTING
For normal hearers, programs 1, 2, and 3 were equivalent to an overall flat þ0, þ10, and þ20 dB insertion gain response from 250 to 6,000 Hz, respectively. The maximum gain of þ20 dB was matched to the hearing aid gain of þ20 dB used for normal hearers in Billings et al to allow replication of their data. 30 For participants with a hearing loss, the three programs were fitted to the National Acoustic Laboratories -Non Linear (NAL-NL2) correct prescribed gain (þ0 dB, program 1), to the prescribed gain minus 10 dB (À10 dB gain, program 2) and the prescribed gain plus 10 dB (þ10 dB gain, program 3). This gain variation was therefore similar to that provided to the normal hearers. Real ear insertion gain measures were verified with an insert probe tube into the subject's ear and compared with 55, 65, and 75 dB SPL fitting targets. Attack and release times were measured in a hearing aid test box. Figure 2 Audibility and signal-to-noise ratio for three different gains in aided hearing-impaired subject 5 for speech sound /g/. All recordings are "simultaneous" (i.e., noise is measured during stimulus presentation). Audibility is defined as the maximum difference (across all one-third octaves) between S and the greater of T and N. In the left and middle panes, the T is greater than N for all frequencies. The down-and upward single lined arrow pair indicates the frequency at which audibility is highest. Audibility increases significantly with increasing gain. The SNR is expressed similarly, as the maximum difference (across all one-third octaves) between S and N. The down-and upward double lined arrow pair shows the frequency with the highest SNR. The SNR remains the same for all gains. Abbreviations: N, hearing aid noise; S, signal; SNR, signal-to-noise ratio; SPL, sound pressure level; T, hearing threshold. Tables 1 and 2 present the relevant hearing aid parameters for both populations.
CORTICAL RECORDINGS
The participants were kept awake and attentive during testing by allowing them to watch a silent movie with closed captions. An earplug was inserted into the subject's nontest ear. Electrode sites were prepared using a cotton applicator and electrode gel. Single-use Ambu Blue Sensor N (Copenhagen, Denmark) selfadhesive electrodes were used. The active electrode was placed on Cz, the reference electrode on the mastoid (randomized), and the common electrode on the high forehead. 44 Electrode impedance was checked before and after each recording. If necessary the preparation was repeated to achieve an impedance under 5 kOhm between active and common, and between reference and common. During recording using the HEARLab system (Frye Electronics, Tigard, Oregon), the electroencephalogram activity was amplified by a factor of 1,210, and band-pass filtered between 0.3 and 30 Hz. The recording window consisted of a 200-millisecond prestimulus and a 600-millisecond poststimulus. Artifact rejection was set at AE 150 V. Baseline correction was applied to each individual epoch based on the average over 100 milliseconds prior to stimulus onset. A total of 12 recordings were conducted, comprising a test and retest of six different conditions. The conditions included three unaided presentations at 55, 65, and 75 dB SPL in the free field and three aided recordings at 55 dB SPL in the free field with three different gains. The presentation order was randomized. Each recording consisted of three speech sounds being rotated in blocks of 25, presented with a stimulus onset asynchrony of 1,125 milliseconds. Data acquisition stopped after 70 accepted epochs for each speech sound.
For the N1 component, the mean amplitude over a latency interval of 75 to 135 milliseconds was calculated. For the P2 component, the amplitude was averaged over the latency interval from 150 to 210 milliseconds. This approach was used to minimize the effect of residual noise in the averaged waveform on cortical response amplitude. The difference between P2 and N1 mean amplitudes was analyzed as the main dependent variable. Fig. 2 provides an example of signal and noise levels during stimulus presentation in an aided hearing-impaired user. It shows increasing hearing aid noise levels (and signal output) with increasing hearing aid gain. Fig. 3 shows the CAEP grand averages at three different output levels from 12 normal-hearing (left column) and 12 hearing-impaired (right column) listeners, for both unaided (top row) and aided conditions (bottom row). It is qualitatively clear that cortical responses grow significantly with increasing output level in hearing-impaired listeners only, be it either unaided (in response to changes in input level) or aided (in response to changes in hearing aid gain). This is confirmed quantitatively by Fig. 4 , which displays P2-N1 CAEP mean amplitudes for the waveforms introduced in Fig. 3 .
RESULTS
Hearing Aid Background Noise Levels
CAEPs
A five-way analysis of variance (ANOVA) was performed on response amplitude with hearing loss status as a between-groups variable, and aiding condition (aided versus unaided), stimulus (/m/, /g/ and /t/), output level (low, medium, high) and testing condition (test, retest) as repeated-measures variables.
Output Level
A significant interaction effect was found between output level and hearing loss status (F (2,22) ¼ 90.1, p < 0.00001). This indicates that the effect of output level is significantly different between the two groups. To investigate further, the effect of output level on CAEP amplitude was assessed for both populations using two four-way repeated-measures AN-OVAs (aiding Â output level Â stimulus Â test). For the normal hearers, no significant effect of level (F(2,22) ¼ 1.59, p ¼ 0.23) was found. Conversely, a significant effect (F (2,22) ¼ 109.4, p < 0.00001) was found in listeners with a hearing loss. For the conversational-level speech sounds used in this experiment, the effect of stimulus level on CAEP amplitudes was therefore apparent only in hearing-impaired users.
Aiding A significant interaction effect was found between aiding and hearing loss status (F (1,11) ¼ 8.1, p ¼ 0.016). This indicates that the effect of aiding is significantly different between the two groups. To investigate further, the effect of aiding on CAEP amplitude was assessed for each population separately using two four-way repeated-measures ANOVAs (aiding Â output level Â stimulus Â test). For the normal hearers, no significant effect of aiding (F(1,11) ¼ 0.95, p ¼ 0.35) was found. Conversely, a significant effect (F (1,11) ¼ 9.8, p ¼ 0.009) was found in participants with a hearing loss. This suggests that the effect of aiding on CAEP amplitudes is only apparent in hearing-impaired users. Fig. 5 shows four scatterplots for participants with normal hearing (left panes) and for participants with a hearing loss (right panes). The top row displays P2-N1 CAEP mean amplitudes versus (simultaneous) SNR, which is the difference between signal and background (maximum of room or hearing aid) noise level while the signal is presented. The bottom row presents P2-N1 CAEP mean amplitudes versus audibility, which is the difference between signal level and the greater of background noise level and the participant's hearing threshold.
SNR versus Audibility
For participants with a hearing loss, a significant negative correlation was found between CAEP amplitudes and SNR (r 2 ¼ 0.13, p < 0.00001). This was unexpected as normally CAEP amplitudes do not reduce with increasing SNR. 45 It is evident, however, that this correlation exists only because the CAEP amplitudes are lower in the unaided condition (for which the SNRs were high) than in the aided condition (for which the SNRs were lower). Although the SNR indeed worsens when any person is aided due to the introduction of hearing aid noise, aiding a person with a hearing loss improves audibility significantly, thus increasing CAEP amplitudes because audibility is the determining factor. This explanation is evidenced by the significant positive correlation between CAEP amplitudes and audibility (r 2 ¼ 0.45, p < 0.00001) shown in the bottom right panel. When increasing hearing aid gain, signal levels and hearing aid noise both increase, with the latter mostly staying inaudible to the hearing-impaired listener.
For normal hearers, no significant correlation was found between CAEP amplitudes and both SNR and audibility (r 2 ¼ 0.002, p ¼ 0.58). Audibility and SNR are identical for a normal-hearing population because hearing thresholds in normal hearers are lower than any background noise during aided or unaided conditions. In addition, audibility is at such high levels that any increase does not affect the CAEP amplitude because CAEP amplitude plateaus with increasing audibility.
CAEP amplitudes are being determined by the audibility to the person and not just by the stimulus SNR, though these quantities are identical (for conversational level speech sounds) if one restricts the evaluation to a population with normal hearing. The relationship between CAEP amplitude and audibility seems to saturate for high levels of audibility, as shown in Fig. 6 . This saturation is similar to what is observed in other research where increasing signal levels result in growing CAEPs up to a certain point before saturation sets in. 46, 47 For speech at conversational levels, Fig. 6 indicates that, whether aided or unaided, audibility for normal hearers is sufficiently high that variations in level have no effect on cortical response amplitude. Both Figs. 5 and 6 also indicate that for normal hearers, amplified speech has a lower audibility than unamplified speech due to the internal noise of the hearing aid.
DISCUSSION
There has been considerable discussion about the appropriateness of using evoked cortical Figure 4 P2-N1 mean amplitudes at three different output levels for normal-hearing and hearing-impaired participants. Error bars denote 95% confidence intervals. Abbreviations: N1, negative peak around 100 milliseconds; P2, positive wave; SPL, sound pressure level.
responses to evaluate hearing aid fittings in people without the capacity to behaviorally respond, such as infants. 31, 32, 48 The concerns originally arose from the finding that providing 20 dB of amplification did not change the amplitude of the cortical response, 30, 31 whereas changing the input level by 20 dB often does increase the amplitude of the cortical response for unaided people. The studies that gave rise to this concern were based on hearing aids fitted to research participants with normal hearing. For participants with normal hearing, hearing aids can only ever reduce the audibility of sounds (even if they increase the SPL), because the internal noise floor of hearing aids exceeds the equivalent internal noise floor of the normal human ear. 49 By contrast, the equivalent input noise of hearing aids lies beneath the unaided threshold of people with hearing loss, so the hearing aid will increase both the SPL and the audibility for such listeners. Consequently, although the rationale behind using normal hearers is understandable as it does away with confounding factors being introduced when dealing with hearing loss (e.g., broadened auditory filters, recruitment), any caution against the use of CAEPs in hearing-impaired subjects based on studies with normal hearers are inappropriate as these populations are highly distinct. We should not expect hearing aids to have the same impact on the cortical responses of people with normal hearing that they do on people with hearing loss. The limitation of the previous studies has already been commented on by Tremblay et al. 48 The results of this study confirm and expand upon the theoretical expectations outlined in the previous paragraph. Fig. 4 shows that for the hearing-impaired participants, amplification increased cortical response amplitude and greater amplification further increased response amplitude, but neither of these occurred for the normal-hearing participants. The measurements in this study show that there are two reasons why amplification had no effect on cortical response for the show that, as expected, amplification did not actually increase audibility of the stimuli for these participants. Second, as Fig. 6 shows, speech at conversational levels was already well above threshold, so that even if the audibility were to be increased by amplification, no further increase in cortical response amplitude would be expected, which as Fig. 4 displays was certainly the case. As Fig. 6 also shows, one can expect amplification to increase cortical response amplitude if it causes the audibility of speech to increase, but only up to audibilities of around 30 dB. Close inspection of Fig. 5 indicates that amplification did increase audibility (as expected) for the hearing-impaired participants, and as a consequence, so too did cortical response amplitude.
It therefore seems entirely reasonable to use evoked cortical responses to assess whether hearing aids have made speech audible, or increased the audibility of speech, for hearing-impaired people. It will commonly be the case that the audibility of conversational level speech will be low, or even negative when unaided. Calculations based on the speech spectra shown in Fig. 1 indicate that, for speech at 65-dB SPL or lower, the audibility of the stimuli used in this experiment was 20 dB or less for hearing loss of moderate degree or greater. This application of cortical responses has appropriately been referred to as using the cortical responses to assess the detection of speech. 50 The presence of a CAEP tells us that at least something is being detected at the auditory cortex. This can be seen as important information about the first essential step for language development. It is relevant to point out that $25% of the hearing-impaired clients in pediatric audiology have additional disabilities, 51 which often makes it more difficult to obtain behavioral information, even after these children reach an age where normally developing children can perform behavioral hearing tests like visual reinforcement audiometry (VRA), typically at an age of 6-8 months.
Although the original issue of amplification seeming to have no effect on cortical responses need not be considered further based on these findings, discussion in the literature over the appropriateness of using cortical potentials to assess hearing aid fittings has raised several other issues that might affect the validity of assessing hearing aid fittings using cortical response measurement. Hearing aids typically employ nonlinear processing, which certainly can change the acoustics of speech, either by design or as a by-product of their intended effect. This is not inherently a problem. If the purpose of performing cortical response measurement is to determine if speech is audible when the hearing aid is being worn in real life, then it is desirable that the hearing aid also affects the acoustics of the speech signal during the cortical response measurement.
The potential problem arises only if the hearing aid has a different effect on the speech sounds used for cortical response measurement than it does when those same speech sounds occur in the midst of ongoing speech. Nonlinear schemes primarily comprise compression to reduce the dynamic range of the signal, low-level expansion to attenuate low-level internal hearing aid noise, adaptive noise reduction to attenuate high-level external noise, and frequency compression to reduce the bandwidth of the signal. Each of these schemes has to be implemented with some time constants that control the rate at which the amplification characteristics change when the characteristics of the input signal (speech, noise, or both) change. Given that cortical responses are typically measured with brief sounds spaced apart by a second or so, there is certainly the potential Figure 6 Scatterplot of P2-N1 mean amplitude versus audibility for both aided (closed markers) and unaided (open markers) conditions, and regression lines fitted to the data from each group of participants (black: hearing-impaired; gray: normal-hearing). Abbreviations: HI, hearing-impaired subjects; N1, negative peak around 100 milliseconds; NH, normalhearing subjects; P2, positive wave around 180 milliseconds.
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SEMINARS IN HEARING/VOLUME 37, NUMBER 1 2016 for these sounds to be amplified differently in isolation than they are in their original speech context. Compression can cause their onset to be amplified with more gain than it would receive in ongoing speech. Low-level expansion (if the interstimulus interval is long enough to activate it) can cause the opposite to occur. Adaptive noise reduction is unlikely to have any effect if the cortical response is being measured in a quiet place. The limited research that has so far occurred on this topic indicates that changes in the shape of the speech stimuli caused by nonlinear processing do not significantly affect the resulting cortical responses. 52 Similarly, despite the undoubted potential for the gain applied to a speech sound to vary with the context in which the speech sound occurs, the variations in gain so far measured seem to not be large. However, it has been reported that in up to 13% of tested phonemes, the increased gain in running speech-when compared with isolated speech sounds-exceeded that of an audiometric step size of 5 dB and therefore may be clinically important. Hence, if output levels of phonemes in running speech are considered to be the reference condition of interest, CAEP test measures may slightly underestimate audibility when phonemes are presented in isolation. 53 Similarly, in an unaided condition, larger CAEPs have been obtained to /sh/ sounds in a medial position of a word when compared with the initial location. 54 These differences were attributed to the sound in the medial position having a more abrupt onset than at the start of the word. Past research has also confirmed that the increased audibility of highfrequency sounds caused by nonlinear frequency compression can be observed via measurement of cortical responses. 55, 56 Some of the issues raised in the literature are relevant: the effects of attack/release times, compression ratios, stimulus length, context (i. e., isolated versus running speech), dynamic noise reduction, and frequency compression or transposition on effective gain and stimulus waveform should be investigated further. In addition, it would be interesting to develop a longitudinal design to explore how the brain adjusts to these altered speech cues, to analyze whether the cortical measures correlate with speech intelligibility for real words and sentences, and to determine a reliable way (e.g., ACC 16 or mismatch negativity 57 ) to evaluate a person's (future) ability to discriminate between speech sounds and develop language. Some studies have been recently published about the effects of frequency transposition and running speech on CAEPs, [54] [55] [56] and more specifically the difference between onset and offset responses. 58 The effect of hearing aids on consonant-vowel transitions 59 (recorded using ACCs) also has been investigated. It is clear more research is needed, but so far the effect of gain, SNR and audibility on CAEPs is established.
CONCLUSION
This study investigated the effect of hearing aid gain on CAEP amplitudes of participants with normal hearing and participants with hearing loss. It also examined the relationship between cortical responses, SNR, and audibility. Results showed that CAEP amplitudes significantly increased with hearing aid gain only for the hearing-impaired participants and not for the normal-hearing participants. The increase in CAEP amplitude for the hearing-impaired participants was associated with the increased audibility that amplification caused. For the normalhearing participants, audibility was already high when unaided and did not increase when aided, despite the increased stimulus amplitude, because internal hearing aid noise reduced the SNR. These results have implications for testing in aided hearing-impaired individuals: an effect of aiding should be expected for CAEP amplitudes in this subject group, but not necessarily with normal-hearing individuals. Hence, any future investigations in relation with hearing aids should at least be conducted with a group of hearingimpaired subjects.
